e n v i r o n m e n t a l t o x i c o l o g y a n d p h a r m a c o l o g y 3 7 ( 2 0 1 4 ) 844-849 a b s t r a c t Bisphenol A (BPA) is a synthetic compound used in numerous chemicals, such as polycarbonate plastics and epoxy resins, and it can be released into aquatic environment and poses risk on aquatic organisms. In this work, metabolomics was applied to characterize the metabolic responses in mussel Mytilus galloprovincialis exposed to BPA. Our results indicated that the gonad of female mussel was sensitive to BPA exposures (1 and 10 g/L) for one month. However, no significant metabolic responses were observed in male mussel gonads exposed to these two concentrations of BPA. Overall, this limited study suggested that the gender differences should be considered in marine ecotoxicology.
Introduction
Bisphenol A (BPA) is a synthetic compound used as a monomer in numerous chemical products, including polycarbonate plastics, epoxy resins and phenoxy resins, which can be utilized in food storage containers and dental sealants (Staples et al., 2000) . It is a known endocrine disrupting chemical and is toxic to aquatic organisms (Kang et al., 2007) . Due to its wide bioindicators toward BPA exposure. In addition, the gender differences may introduce undesirable variations into induced toxicological effects and distort the interpretation of toxicological mechanisms, when both male and female individuals are used for exposures in same groups.
With the development of system biology, researchers can study a global profile of molecules such as genes, proteins and metabolites and their alterations with high-throughput analyses, which can elucidate the contaminant-induced toxicological effects and mechanisms (Weckwerth, 2011; Ji et al., 2013 ). Among the system biology techniques, metabolomics measures the small molecular weight metabolites involved in all metabolic pathways in biological samples (Wu and Wang, 2010; Liu et al., 2011) . The detection of the metabolite changes can provide an insight into the toxicological mechanisms of contaminants in organisms (Williams et al., 2009; Santos et al., 2010; Liu et al., 2011) . To our knowledge, no studies attempted to compare the gender-specific responses induced by BPA in marine mussel at metabolite level. In the present study, we used metabolomics to characterize the potential metabolic responses induced by BPA in male and female mussels. Since BPA is an estrogenic endocrine disruptor, the gonad tissue was used in this work. 
Materials and methods

Chemicals
Animals and experimental design
Adult mussels M. galloprovincialis (shell length: 5.5-6.0 cm, n = 60) were collected from a pristine site (Yantai, China). After laboratory acclimatization for 7 d, the animals were divided into four groups each containing 15 individuals. The mussels cultured in the normal filtered seawater (FSW) and FSW containing 0.002% DMSO (v/v) were used as control and solvent control groups, respectively. The other two groups of mussels were exposed to two sublethal concentrations (1 and 10 g/L) of BPA, respectively. After exposure for 1 month, all the mussels were immediately dissected for gonad tissues for sex determination and the remaining gonad tissue samples were snap-frozen in liquid nitrogen.
Sex determination
The gonad tissues were carefully fixed in the Bouin's fixative solution after dissection from the mussels. After fixation for 24 h, the gonad tissues were then dehydrated in a progressive series of ethanol and embedded in paraffin. Histological sections (6-m thickness) were cut from the paraffin embedded gonad tissues and mounted on slides which were stained with hematoxylin-eosin (HE) and observed under a light microscope (Olympus BX61, Tokyo, Japan).
Metabolite extraction
For each treatment, six individual mussel samples were used for metabolomics analysis. Polar metabolites in gonad tissues were extracted by the modified extraction protocol as described previously (Lin et al., 2007; Wu et al., 2008) . Briefly, the gonad tissue (ca. 100 mg) was homogenized and extracted in 4 mL/g of methanol, 5.25 mL/g of water and 2 mL/g of chloroform. The methanol/water layer with polar metabolites was transferred to a glass vial and dried in a centrifugal concentrator. The tissue extracts were subsequently re-suspended in 600 L phosphate buffer (100 mM Na 2 HPO 4 and NaH 2 PO 4 , including 0.5 mM TSP, pH 7.0) in D 2 O. The mixture was vortexed and then centrifuged at 3000 × g for 5 min at 4 • C. The supernatant substance (550 L) was then pipetted into a 5 mm NMR tube prior to NMR analysis.
1 H NMR spectroscopy
Extracts of gonad tissues were analyzed on a Bruker AV 500 NMR spectrometer performed at 500.18 MHz (at 298 K) as described previously . All 1 H NMR spectra were phased, baseline-corrected, and calibrated (TSP at 0.0 ppm) manually using TopSpin (version 2.1, Bruker). Metabolites were identified following the tabulated chemical shifts (Fan, 1996) and using the software, Chenomx (Evaluation Version, Chenomx Inc., Canada). 
Spectral pre-processing and multivariate data analysis
All NMR spectra were processed using custom-written ProMetab software in Matlab (version 7.0; The MathWorks, Natick, MA, USA), as described previously (Parsons et al., 2007; Liu et al., 2011) . Multivariate data analysis was performed using the software SIMCA-P + (V11.0, Umetric, Sweden). The supervised multivariate data analysis methods, partial least squares discriminant analysis (PLS-DA) and orthogonal projection to latent structure with discriminant analysis (O-PLS-DA), were sequentially carried out to uncover and extract the statistically significant metabolite responses induced by BPA exposures. The results were visualized in terms of scores plots to show the classifications and corresponding loadings plots to show the NMR spectral variables contributing to the classifications. The model coefficients were calculated from the coefficients incorporating the weight of the variables in order to enhance interpretability of the model. Then metabolic differences responsible for the classifications between male and female control groups, and between control and BPAexposed groups could be detected in the coefficient-coded loadings plots. The coefficient plots were generated by using MATLAB (V7.0, the Mathworks Inc., Natwick, USA) with an in-house developed program and were color-coded with absolute value of coefficients (r). A hot color (i.e., red) corresponds to the metabolites being highly positive/negative significant in discriminating between groups, while a cool color (i.e. blue) corresponds to no significance. The correlation coefficient was determined according to the test for the significance of the Pearson's product-moment correlation coefficient. The validation of the model was conducted using 6-fold cross validation and the cross-validation parameter Q 2 was calculated, and an additional validation method, permutation test (permutation number = 200), was also conducted in order to evaluate the validity of the PLS-DA models. The R 2 in the permutated plot described how well the data fit the derived model, whereas Q 2 describes the predictive ability of the derived model and provides a measure of the model quality. If the maximum value of Q 2 max from the permutation test was smaller than or equal to the Q 2 of the real model, the model was regarded as a predictable model. Similarly, the R 2 value and difference between the R 2 and Q 2 were used to evaluate the possibility of over-fitted models (Feng et al., 2013) .
Results and discussion
A representative 1 H NMR spectrum of gonad tissue extracts from the male control group was shown in Fig. 1 . Several classes of metabolites were identified by Chenomx software and labeled in Fig. 1 , including amino acids (valine, leucine, isoleucine, alanine, threonine, arginine, lysine, glutamate, glutamine, ␤-alanine, aspartate, glycine, tyrosine, phenylalanine, tryptophan and histidine), organic osmolytes (hypotaurine, taurine, homarine and betaine), an intermediate in Krebs cycle (succinate) and energy storage compounds (ATP, glucose and glycogen). O-PLS-DA resulted in a reliable model for the classification between male control and female control groups, with a Q 2 value of 0.49 (>0.4) ( Fig. 2A) . The loading plot (Fig. 2B ) displayed the significant metabolic differences between male and female mussel samples from blank groups (seawater control groups). As shown in Fig. 2B , female mussel samples had significantly (p < 0.05) higher levels of acetoacetate, malonate and homarine, and lower levels of branched chain amino acids (valine, leucine and isoleucine), 3-aminoisobutyrate, lysine and tyrosine than those in male mussel samples. These metabolic differences indicated that there existed intrinsic (gender-specific) biological differences between male and female mussel gonads. These gender differences at the metabolite level could result in gender-specific responses to toxicant exposures. O-PLS-DA indicated that there was no significant metabolic difference between seawater control and solvent control groups from either male or female mussels (data not shown). Therefore, the solvent control groups were used in further metabolomic analysis.
Interestingly, further O-PLS-DA analysis exhibited that both treatments (1 and 10 g/L) of BPA did not induce significant metabolic responses in male mussels, with unreliable Q 2 values (<0.4) (data not shown). In female mussel samples, however, the significant metabolic responses were discovered in both BPA exposures (1 and 10 g/L) (Fig. 3) . Although BPA has been recognized as a weak estrogenic endocrine disruptor for mammals (Kang et al., 2007) , our results indicated that the gonad tissue of male mussel M. galloprovincialis was not sensitive to BPA exposures at 1 and 10 g/L.
In the female mussel group with the low BPA exposure (1 g/L), several metabolites were significantly altered including increased branched chain amino acids (valine, leucine and isoleucine), hypotaurine, choline and betaine, and decreased threonine, glycogen and homarine (Fig. 3B ). Both hypotaurine and betaine are known organic osmolytes in marine mussels. The elevation and hypotaurine and betaine indicated the osmotic stress induced by BPA (1 g/L). Betaine is biosynthesized from the oxidation of choline. The elevated choline meant the increased demand of betaine synthesis in female mussel gonad. Homarine is another organic osmolytes in marine mussels, which was decreased to compensate the increases of betaine and hypotaurine in low concentration (1 g/L) of BPA-treated female mussel samples. In marine mollusks, amino acids are usually involved in both osmotic regulation and cellular energy metabolism (Viant et al., 2003) . Since glycogen was decreased, decreased threonine could be related the alteration in energy metabolisms, while branched chain amino acids might be associated with disrupted osmotic regulation in female mussel gonads with the low concentration (1 g/L) of BPA exposure for one month.
After exposure with the high concentration (10 g/L) of BPA for one month, some metabolic responses in female mussel gonads were different with those in the low concentration (1 g/L) of BPA, except branched chain amino acids, homarine and glycogen (Fig. 3D) . Both betaine and hypotaurine were not significantly elevated in female mussel samples with BPA exposure at the high concentration (10 g/L). Interestingly, several amino acids including proline, ␤-alanine and histidine were significantly elevated, instead of the elevated organic osmolytes, betaine and hypotaurine in the low concentration of BPA-treated group. As mentioned above, the elevated amino acids probably meant the osmotic stress. However, these differential metabolic responses clearly indicated the different responsive mechanisms related to osmotic regulation to these two BPA exposures in female mussel gonads.
In summary, our results indicated that the gonad of female mussel was sensitive to BPA exposures (1 and 10 g/L) for one month. No significant metabolic responses were observed in male mussel gonads exposed to these two concentrations of BPA. Overall, both concentrations of BPA induced osmotic stress and disruption in energy metabolism. In particular, the mussels with 1 g/L of BPA exposure increased betaine and hypotaurine to respond to the osmotic stress, while those with 10 g/L of BPA exposure mobilized more amino acids to cope with osmotic stress. This limited study suggested the gender differences should be considered in marine ecotoxicology.
